The penetration of intermittent renewable energy sources, for instances wind power, in the power system of isolated islands is limited, even when there is large potential. The wind power that cannot be directly injected in the power grid is usually curtailed. In addition, some islands need to desalinate seawater to produce fresh water, increasing the pressure on the power system, because desalination needs electricity. Nevertheless, the water scarcity problem of an island can be part of the solution of the problem of its integration of intermittent renewable energy sources. To tackle this issue, a system was proposed to use the excess wind power in desalination units and in a pumped hydro storage, resulting in an integrated power and water supply system that would minimize the wind power curtailed. This paper proposes a methodology to optimize the size and operational strategy of this wind powered desalination and pumped hydro storage system. The objective is to minimize the total annualized production costs, maximize the percentage of renewable energy sources in the total power production and minimize the wind power curtailed. To solve this optimization problem, a derivative free multiobjective optimization method (Direct MultiSearch) is used.
Introduction
The penetration of intermittent Renewable Energy Sources (RES), for instances wind power, in the power supply systems of isolated islands depends on the dynamic penetration limit that is usually applied for grid stability (intermittent limit) [1] . This limit is the maximum instantaneous wind power directly supplied to the electricity grid; it is expressed as a percentage of the load and usually it is not higher than 30% [2] . The excess wind power is the one that cannot be injected in the electricity grid due to that limit. If this wind power is not stored or used to desalinate seawater, it will be curtailed. This study considers the possibility of using the excess wind power to produce fresh water that is stored in a lower reservoir of a Pumped Hydro Storage (PHS) system. The remaining wind power can be stored in this energy storage system. Erdinc et al. [3] provide an overview of insular power system structures and operational requirements, particularly under increasing penetration of RES. The authors focused on the challenges of these systems and on opportunities to tackle them [3] .
A number of studies have been carried out on the feasibility of integrating RES in isolated regions, namely islands, and all of them rely on energy storage and/or demand side management strategies. Kaldellis et al. [4] presents a methodology for the sizing of wind powered PHS systems in the Island of Lesbos, in Greece. This system exploits the excess wind power produced by wind farms, otherwise curtailed due to imposed power grid limitations [4] . In [5] , the authors examine the economic viability of this system and find the optimum system configuration, reaching results that are able to increase the RES contribution for the total power production of the island [5] .
Katsaprakakis [6] reviews the design and dimensioning of hybrid power plants in autonomous insular power systems of different sizes in Greece, with different technologies for energy generation and storage. The optimization of the dimensioning of the examined hybrid power plants is usually based on either the maximization of the RES penetration or on the optimization of economic indices of the required investments [6] .
Zhao et al. [7] review the state of the art of the energy storage technologies for wind power integration. The authors conclude that these technologies are an effective solution to handle the reliability and stability challenges of power systems with large scale wind power integration [7] .
A number of analyses have been also carried out on the feasibility of using RES in desalination plants [8] . Spyrou et al. [9] investigated the optimum design and operation strategy of a stand-alone reverse osmosis desalination unit powered by wind and solar power and by a PHS unit, capable to fulfil the fresh water demand of areas such as the Greek Islands.
The resulting water production costs are very competitive in comparison to the current water transportation prices. The PHS is necessary to guarantee the desired water production throughout the year. The authors conclude that the capacity factors of the power generators are low, while a signification part of the RES production is curtailed, hence they propose the use of the power for other uses in order to increase the capacity factor of the generators and minimize the amount of power curtailed, improving the economic results of the desalination plant.
Integrated supply of energy and water
As seen above, energy and water supply are two types of systems modelled and analysed frequently, but often in a separate way. Most studies focus either on the energy or the water supply system. Some studies consider water as a means of storing energy in a energy supply system (PHS). Moreover, some analyse the energy demand of the water supply system with the use of RES in desalination units. More rarely these two supply systems are analysed together in an integrated way [8] . There is a significant difference between the issues concerning the power supply and the water supply. Power production must meet demand at all times, while water can be easy stored. Hence, the studies that analysed the integrated water and power supply in some cases do not consider the water demand curve explicitly, but only determine the amount of water that can be supplied with the system proposed.
Corsini et al. [10] compared a hydrogen based system and a desalinated water production system as two effective alternatives for renewable energy seasonal buffering in an island context (Ventotene Island in Italy). The hourly behaviour of the proposed system is analysed in terms of fuel consumption and hydrogen system energy storage or desalination capacity.
The study demonstrates the suitability of both scenarios for the winter renewable energy buffer, in order to improve to the matching of peak energy and water demands [10] .
Henderson et al. [11] studied the feasibility of a wind diesel hybrid system that also includes a desalination system component, on Star Island, in New Hampshire, in the United States. The proposed system aimed to supply electricity during the peak demand summer months and to balance the seasonal mismatch between wind resource and electricity demand load via the production and storage of potable water during winter months. Although this study concludes that it is better, from an economical point of view, to waste wind energy than to install a desalination system, the authors conclude that seawater desalination offers an interesting solution, from a technical point of view, to energy storage or long-term load management for wind diesel hybrid systems [11] .
Setiawan et al. [12] analysed a scenario for supplying electricity and fulfilling demand for clean water in remote areas using RES and a diesel generator with a desalination plant as deferrable load. The authors simulate the performance of the proposed system in a remote area in the Maldives with about 300 inhabitants and concluded that the proposed system is economically and environmentally viable [12] .
Novosel et al. [13] proposed a combination of desalination, pump storage that use the produced brine and RES to tackle the issue of water scarcity in Jordan. The results demonstrate that an increase of the flexibility of the desalination units and the use of the brine operated PHS system greatly benefit the reduction of excess RES, increasing the penetration of wind and solar power and water availability [13] .
The effects of large scale desalination on the Jordanian energy system was analysed by Østergaard et al. [14] , with a particular focus on the large scale introduction of wind power into the energy system. The authors use desalination to decrease excess electricity production and conclude that water storage has some implication on the system's ability to integrate wind power [14] .
Santhosh et al. [15] addressed the issue of coupling the infrastructure systems that deliver energy and water by focusing on the supply side of this integrated engineering system, developing a multi-plant real-time simultaneous economic dispatch of power and water. In this analysis, the production costs are minimized subjected to capacity, demand and process constraints. The authors demonstrated that the coproduction minimum capacity limits and process constraints can lead to scenarios where the dispatch can chose the multi-plant instead of the cheaper single product plants. Such results suggest that water and/or power storage can have an important role in reducing process constraints and reducing costs [15] .
Bognar et al. [16] analysed the effects of integrating desalination into an island grid with a high share of renewable energies. The authors present options to include a desalination unit into an optimized wind diesel energy supply system for the Island of Brava, in Cabo Verde. Different scenarios were analysed and simulated using hourly data. The authors conclude that the scenario that could provide the lowest and most stable electricity and water costs considering the increasing oil prices is the one that considers the electricity and water production with a discontinuously operating desalination plant. These results show that energy supply systems with a high wind power share can benefit from deferrable loads like a variable desalination plant [16] .
From the examples mentioned, it is clear that the integrated planning of energy and water supply is crucial to tackle some of the problems arid islands face in the providing quality power and water to their population.
Optimization of renewable energy systems
Optimization methods play a crucial role in the design, planning and control of renewable energy systems. Baños et al. [17] presents a review of the current state of the art in computational optimization methods applied to renewable and sustainable energy. It concludes that the research that uses optimization methods to solve renewable energy problems has increased dramatically in recent years, especially for wind and solar energy systems [17] .
According to Østergaard [18] , many different optimisation criteria might be applied to the design of renewable energy systems and no unequivocal answer can be found to the question of how to design an optimal energy system. At a general level, renewable energy systems may be designed from an economic perspective or from a techno-operational perspective.
Economic optimisations criteria include total energy systems costs, capacity costs and societal costs. From a techno-operational perspective, optimisation criteria include fuel savings, greenhouse gases emissions, elimination of excess power generation, etc. All of these criteria can be applied to assess how well the system integrates renewable energy [18] .
Petruschke et al. [19] distinguish between two types of approaches widely followed in designing RES systems: heuristic approaches and optimization-based approaches. Heuristic approaches typically rely on specific expert knowledge or physical insights to define possible energy systems and analyze them in simulation studies. On one hand, this type of approach is usually robust and generates solutions with manageable effort, but, on the other hand, only a limited number of alternatives can be studied in simulation studies and the risk to overlook superior solutions is high. In contrast, optimization-based approaches allow the investigation of a practically unlimited number of alternatives and thus generally enable to find the optimal solution among all possible alternatives. However, for large problems the modelling effort and solution times can become prohibitively large. Petruschke proposes a combination of these two approaches [19] . For each approach, there are three levels in designing RES energy systems: configuration level, where technology and equipment choices are made, the sizing level where the equipment capacities are estimated and, the operational level where the operational strategies of the system are specified [19] .
Multiobjective optimization of renewable energy systems
Zhou et al. [20] tackle the issue of design, control and optimization of hybrid systems with RES and conclude that it is typical to have conflicting objectives when designing this type of systems, for that it is necessary to use an optimization technique that allows a multiobjective design. Multiobjective approaches are usually divided into: aggregate weight functions and Pareto-based optimization methods [17] . The Pareto-based multiobjective optimization has the advantage of not having the need to adjust the relative weight of each objective to optimize, establishing relationships between solutions according to the Pareto-dominance concept, and facilitating the decision-making process [17] .
Anagnostopoulos et al. [21] present a numerical methodology for optimum sizing of the various components of a pumped hydro system designed to recover the wind power rejected in the Island of Crete, in Greece. The results show that a well optimized design is crucial for the technical and economic viability of this system [21] .
Ren et al. [22] developed a multiobjective optimization model to analyse the optimal operating strategy of a distributed energy resource system, in order to meet the local energy demands while considering both economic and environmental objectives [22] .
Sharafi and EIMekkawy [23] present a dynamic multiobjective particle swarm optimization method for the optimal design of hybrid renewable energy systems. The main goal of the design is to minimize simultaneously the total net present cost of the system, unmet load, and carbon dioxide emissions [23] .
Perera et al. [24] carried out a multiobjective optimization in order to support decisionmaking for hybrid energy systems in standalone applications. The objective functions were the levelized cost of energy, the initial capital cost and the greenhouse gas emissions. The optimization method used was the Steady ε -State Evolutionary Algorithm, based on the ε -dominance technique [24] .
Ma et al. [25] propose a PHS system to increase solar power penetration in a small autonomous system. The genetic algorithm together with Pareto optimality is used for the system techno-economic optimization. The power supply reliability is maximized and the system lifecycle cost is minimized simultaneously [25] .
Present contribution
This study addresses a very important issue on the economic, technical and environmental sustainability of the electricity and water supply systems of dry islands.
Most previous research on the energy and water nexus focused on desalination with RES (RES to supply water) or the use of water to produce energy (water to supply energy) and not both of these issues at the same time. The novel aspect of this study is the coupling of these two supply systems in order to increase the integration of intermittent RES and minimize the electricity and water production costs.
The island of S. Vicente has important wind resources that are not fully used due to its intermittent nature. This island does not have any source of fresh water so all water supplied to the population is desalinated seawater. For this island, Segurado et al. [8, 22] proposed an integrated system that uses wind power that cannot be injected in the electricity supply system (excess wind power) to feed the desalination units that produce fresh water, and pumps in a PHS system. Figure 1 presents a scheme of this wind powered desalination and pumped hydro storage system. The power grid of the island is supplied with fossil fuel based units and wind power. This wind power supply has a limitation of 30% of the hourly load of the power grid (intermittent limit). The excess wind power can be used to supply the desalination plant to produce fresh water and the pump station to transfer this water from the lower reservoir ( ) to the upper reservoir ( ). The fossil fuel based units can also supply the desalination plant.
The hydro station can produce power to supply the power grid when water is transferred from the upper reservoir to the lower reservoir. The present study concentrates on the operational strategy and sizing optimization of this integrated electricity and water supply system so that the total annualized production costs are minimized, the percentage of RES in the total power production is maximized and the wind power curtailed is minimized. These three objective functions are determined based on a simulation of the operation of this system; hence, they are discontinuous, non-smooth and not defined in certain points. Therefore, it is necessary to use a multiobjective derivative free method to optimize simultaneously these three, sometimes conflicting, objective functions. To solve this optimization problem, a derivative-free optimization method is used: the Direct MultiSearch (DMS) method. The Pareto optimal set is obtained, from this set several solutions are chosen and analysed in more detail. This optimization method has not been previously used in the area of power and water planning.
Case study
The case study analysed in this manuscript is the Island of S. Vicente, an island of the Arquipelago of Cape Verde, located about 450 km of the West African coast. This island had in 2010 about 76,000 inhabitants. S. Vicente has significant problems regarding the power and water supply systems, as the remaining islands of Cape Verde. Cape Verde's power prices are among the highest in Africa due to its dependency on fossil fuel-based plants, which in turn rely on the importation of expensive fuel. Cape Verde has by far the most expensive water tariffs in Africa and among the most expensive in the world. These high prices reflect the water scarcity problem this country faces, where about 85% of its water production relies on desalination. Moreover, the cost of the energy-intensive desalination process is particularly high due to its dependence on power generation, whose high costs in turn reflect reliance on small-scale diesel generators and expensive imported oil [8] . These problems tend to worsen as it is foreseen an electricity demand of 88,518 MWh for 2020, a 34% increase in relation to 2012 [8] .
Currently the power supply system installed in the island has 18.34 MW of thermal fossil fuel-based plants (six different groups with a minimum load of 50%) and 6.85 MW of wind power. The wind power production potential for one year was estimated in [8] using H2RES
and it is about 29,864 MWh. The hourly wind speed values used in this study are from 2005
and were collected from the meteorological station of S. Vicente. A wind speed adjustment is applied using monthly correction factors defined to match wind power production in 2005.
The wind parks in S. Vicente are among the most productive in the world, and the local wind regime is characterized by strong steady winds. For this reason, wind uncertainty is not considered in this study, nevertheless in the implementation phase of this integrated system, it is important to consider the impact of climate change in the wind regimes of the island.
The current water supply system installed in S. Vicente, composed of desalination units with a capacity of 5,400 m 3 /day, water distribution system with pumps and a number of reservoirs, it requires about 5 kWh of electricity to produce and supply 1 m 3 of water to the population.
In Segurado et al. [8] the baseline scenario for the energy and water supply systems of S.
Vicente was modelled in order to compare the results of the proposed system with the current situation in this island. Table 1 presents the share of wind power in the power generation. This power generation refers to the power needed to supply the electricity demand and the desalination units to produce water that is supplied to the population. The wind power curtailed reaches 36% of the total wind power potential and the total annualized production costs are 28,396,449 € .
Methods
The integrated electricity and water supply system proposed for S. Vicente is modelled for the year 2020, taking into account the electricity and water demand forecasted for that year. The sizing and the operational strategy of this system are translated into the variables of the optimization problem.
Modelling of the integrated system
The first step to model this system is to calculate the wind power production potential in each hour of the year, according to the installed wind power considered. This calculation is made using the model used in Segurado et al. [8, 26] , the H2RES model. Having the wind power production potential ( _ _ℎ ), the load and the water demand for each hour of the year it is possible to calculate the hourly values of: Based on these hourly values it is possible to determine the annual load that is covered by the fossil fuel based units (kWh) and the total annualized production costs of the system ( − €). For these calculations, it is necessary to estimate the energy needed to pump each unit of water from the lower reservoir to the upper reservoir -1 3 , that depends on the height difference of the PHS, the density of water, the acceleration of gravity and on the efficiency of the pumps. An efficiency of 75% is considered for the pumps [8] . The energy that is possible to produce for each unit of water that goes from the upper to the lower reservoir, passing through the hydro turbines is also determined -1 3 , that depends also on the height difference of the PHS, the density of water, the acceleration of gravity and on the efficiency of the hydro turbines. An efficiency of 92% is considered for the hydro turbines [8] . In order to maximize the exploitation of RES production, the simultaneous operation of the pumps and hydro turbines is allowed. Figure 2 presents the scheme of the lower reservoir ( in Figure 1) , as well as the range of the three variables related with the operational levels of the wind powered desalination and PHS system ( , , and ). The variable is the level of the lower reservoir that determines the balance between the excess wind power that is used to desalinate and to pump water to the upper reservoir. This variable ranges from zero to the maximum level of the reservoir ( ). The variable is the level of the lower reservoir in which the hydro production stops. This variable ranges from 0 , the minimum level of the reservoir, to .
When the level of the lower reservoir is less than 0 , and it is not possible to turbinate water from the upper reservoir, fossil fuel based units supply the desalination units to produce water until the level of the lower reservoir reaches . This variable also ranges between 0 and . Figure 2 . Range of variables , and .
The level 0 is the minimum level of the lower reservoir and it is fixed at 21,400 m 3 of water, equivalent of about seven days of minimum water demand forecasted for 2020. Figure   3 shows the definition of , parameter , , parameters and . Since and can range from 0 to , and are used to determine and , respectively, as shown in Eqs. 1 and 2. 
The estimation of the hourly water produced from wind power, and the hourly wind power used to produce water is done using the following equations:
where is the desalination capacity installed in 3 ⁄ and is the energy needed to desalinate each unit of water in ℎ 3 ⁄ .
Water pumped
The pumps send the water from the lower reservoir to the upper reservoir. The pumps are always in operation provided that: there is enough wind power available, there is water in the lower reservoir in the previous hour, and there is space in the upper reservoir in the previous hour (Eq. 6). As mentioned above, the wind power available to pump depends on parameter ( Figure 3 ). Other limitation of the water pumped is, naturally, the installed pump power (Eq. 6). It is considered that the energy the pumps can provide in one hour is equal to their nominal power. Eqs. 6 and 7 are used to estimate the hourly water pumped and hourly wind power ; _ℎ−1 ;
where is the power of the pumps and is the capacity of the upper reservoir.
Water turbinated
When the level of the lower reservoir in less or equal to 0 , the water is always being retrieved from the upper to the lower reservoir through a hydro turbine (turbinated), as long as there is water in the upper reservoir, with the limitation of the hydro turbine capacity installed. The hydro turbine operates at % of its capacity (Figure 3 , Eq. 8), hence it works at 100% when the level of the lower reservoir is 0 or lower, and at 0 when the level of the lower reservoir reaches (level at which the hydro production stops). Other limitation of the water turbinated is the available space for water in the lower reservoir (Eq. 9). Finally, the water turbinated must not produce more electricity than the one needed to supply the undelivered hourly load after the direct supply of wind power (Eq. 9), in order to match the supply with the demand. 
where is the power of the hydro turbines of the PHS system. It is considered that the energy the hydro turbines can produce in one hour is equal to their nominal power.
Water produced with fossil fuel
The fossil fuel based units are used to feed the desalination units only if the level of the lower reservoir is less than 0 and if it is not possible to retrieve water from the upper to the lower reservoir. In this case, fossil fuel supplies the desalination units that produce water in order to increase the level of the lower reservoir until . Obviously, the desalination capacity limits this operation. It is considered that the desalination units can provide in one hour the amount of water equal to their nominal production capacity. The hourly water produced with fossil fuel and the corresponding electricity needed are calculated using the following equations:
Upper and lower reservoir levels
The level of the lower reservoir in each hour of the year (Eq. 13) is the sum of the water stored in the previous hour with the water produced (from wind power and from fossil fuel) and with the water turbinated, minus the water consumed (supplied to the population) and the water pumped.
The level of the upper reservoir in each hour of the year (Eq. 14) is the sum of the water stored in the previous hour with water pumped minus the water turbinated.
Yearly values
After the hourly calculations, the following results are summed into yearly values: wind power used to desalinate, wind power used to pump, wind power curtailed, fossil fuel used to desalinate and electricity produced in the PHS system. It is assumed that the rest of the load that is not covered by wind power and by PHS production is covered by the fossil fuel based units. In this case, the minimum load of these units is not considered, since its production is not estimated in an hourly basis. With these results it is possible to calculate the total annualized production costs of the integrated electricity and water supply system.
The total annualized production costs (Eq. 15) consider the annualized investment costs, the annual operation and management costs and fuel costs in case of electricity production and electricity costs in case of water production [8] .
where is the total investment cost of the energy supply system. is the capital recovery factor (annuity factor) that is used to annualize the investment cost and depends on the lifetime of the equipment ( ) and on the discount rate considered ( ) as follows:
In Eq. 15, is the total yearly operation and management cost of the system that usually is, according to the technology, a given percentage of the investment cost. is the yearly fossil fuel cost. is the total investment cost of the water supply system. is the total yearly operation and management cost of the system. is the yearly electricity cost, i.e. the cost of the electricity used to desalinate [8] .
The investment costs consider the costs of the wind turbines (2,000 € /kW), the fossil fuel based units (1,200 € /kW), the desalination units (1,000 € /(m 3 /day)) and the PHS (500€ /kW for the hydro turbines and the pumps and 7.5€ /kWh for the storage). The fixed operation and maintenance (O&M) costs are different according to the technology and its annual value is a given percentage of the total investment cost (3% for wind turbines, 1.5% for fossil fuel based units, 10% for desalination units and 1.5% for the PHS). The PHS system also has a variable O&M cost of about 1.5 € /MWh [8] . Since the PHS allows the simultaneous operation of the pumps and of the hydro turbines, it must be composed of a double penstock.
The fuel cost per kWh of electricity produced by the fossil fuel technologies is estimated based on the information on the fuel specific consumption (g/kWh) of the existing fossil fuelfired units, percentage of use of each fuel to produce electricity and the current prices of each fuel (€ /kg) in Cabo Verde. The estimations lead to about a cost of 0.268 € /kWh in 2020 [8] .
It is important to refer that the volatile nature of the fuel costs requests for a sensitivity analysis that is done in this study. Since the fuel cost around the world has been decreasing, the estimation done was updated considering the current fuel costs in Cape Verde, and the value reached is 0.126 € /kWh, about 53% lower than in the reference case [27].
The CO2 emissions cost is also considered. The value used is the cost of the Certified Emission Reduction, whose average value since the carbon market was created until today is 6.96 € /tCO2 [28] .
Multiobjective optimization
A constrained nonlinear multiobjective optimization problem can be written in the following form.
Find design variables:
which minimizes: Successful iterations correspond then to changes in the iterate list, meaning that a new feasible nondominated point was found. Otherwise, the iteration is declared as unsuccessful.
The search step is optional and when included it aims to improve numerical performance.
This method was compared with eight other solvers commonly used in derivative free multiobjective optimization, for 100 multiobjective optimization problems reported in literature. The method was assessed regarding the ability to obtain points that are Pareto optimal and to compute a highly diversified subset of the whole Pareto front [29] . For the metrics considered, DMS has proved to be highly competitive with the remaining solvers [29] . A number of details are omitted and the reader is referred to [29] for a complete description.
The multiobjective optimization problem of this study is to find nine design variables, presented in Table 2 .
that simultaneously minimize the total annualized production costs of the integrated energy and water supply system ( 1 ), maximize the percentage of RES production of this system ( 2 ) and minimize the wind power curtailed ( 3 ), which is equivalent to:
In this case, the is defined by the bound constraints of each design variable, defined in the range column of Table 2 . Three penalties are added to the total annualized production costs in order to avoid solutions that would result in undelivered water to the population and overflow of the upper and lower reservoirs.
Criteria for selection of nondominated solutions
As mentioned above, in multiobjective optimization, there is the Pareto dominance concept.
Contrary to the case of single objective optimization, where the optimal solution is the one that gives the minimum (or maximum) value of the objective function, in multiobjective optimization the purpose is to find good compromises between the objectives to optimize, hence the notion of optimally is different. The concept of dominance lies in the fact that in these problems, among the several possible solutions, moving from one solution to another, causes an improvement for one objective function, while making the other objective function worse.
In this paper, two different processes are used to select the nondominant solutions. Firstly, the Pareto optimal set is outlined favouring the planes 1 -2 , 2 -3 and 1 -3 ; and the nondominant solutions that stand out from the resulting figures are analysed.
The second process used is the normalization of the objective functions and identification of what are the best solutions for norms 1 (Eq. 21), 2 (Eq. 22) and ∞ (Eq. 23).
min (∑
min ( max =1,2,3
where A , is the matrix of nondominated solutions normalized, where ( = 1,2,3)
represents the objective functions and ( = 1, … , ) with the number of nondominated solutions. If A is the matrix of the nondominant solutions, matrix A , is calculated using Eq.
24.
A , = A , − min A , 
Results

Pareto optimal set in different points of view
To analyse these solutions in more detail, the Pareto optimal set is outlined favouring the planes 1 -2 , 2 -3 and 1 -3 . Figure 6 , 7 and 8 present the three resulting graphics from these The best solution for 1 in relation to 3 , i.e. the total annualized production costs in relation to the wind power curtailed, is A, which is the solution that minimizes the total annualized production costs. The best solution for 3 , in relation to 1 is C, which is the solution that minimizes the wind power curtailed. The solution in between is B.
The best solution for 2 in relation to 3 , i.e. the share of RES in relation to the wind power curtailed, is D, which is the solution that maximizes the share of RES in the total power production. The best solution for 3 in relation to 2 is F, which is the solution that minimizes the wind power curtailed. The solution in between is E.
The best solution for 1 in relation to 2 , i.e. the total annualized production cost in relation to the share of RES, is A, this is the solution that minimizes the total annualized production costs of the proposed system. The best solution for 2 in relation to 1 is D, which is the solution that maximizes the share of RES in the total power production. These two solutions are already identified in the previous graphics since A is also the best for 1 in relation to 3 , i.e. the total annualized production cost in relation to the wind power curtailed, and D is also the best for 2 in relation to 3 , i.e. the share of RES in relation to the wind power curtailed. The solution in between is G. Table 3 presents the detailed results of these solutions regarding the sizing, the operational strategy and the results of the modelling for the year 2020. As the solutions go from the minimum total cost (A) to the minimum wind power curtailed solution (C), the installed wind power decreases, as well as the PHS systems' size. The share of RES in the power production decreases, hence the CO2 emissions increase. and are very similar in all solutions, being its maximum and minimum value, respectively. As the solutions go from the maximum percentage of RES solution (D) to the minimum wind power curtailed solution (F), the installed wind power decreases, as in the previous analysis. But in this case, the installed wind power reaches higher values; this is because the most important objective functions are the percentage of RES and the wind power curtailed and not the total annualized production costs, as in the previous analysis. The installed desalination capacity increases, as well as the percentage of wind powered desalination, although slightly. The total annualized production costs also increase. In this case, the operational strategy is similar for all solutions, with and at its maximum and minimum value, respectively.
As Considering all the nondominated solutions of this optimization problem, the solution that minimizes the total annualized production cost ( 1 ) is solution A, that is the same that minimizes 1 in relation to 2 and in relation to 3 . The solution that maximizes the share of RES in total power production ( 2 ) is solution D, that is the same that minimizes 2 in relation to 1 and in relation to 3 . Regarding the minimization of the wind power curtailed, there are 26 solutions where this value is zero, one is solution F that minimizes 3 in relation to 2 , and another is solution C that minimizes 3 in relation to 1 . 
Normalized Pareto optimal set
Sensitivity analysis
A new Pareto optimal set is obtained for a fuel cost of about 0,126 € /kWh, about 53% lower than the one considered for the reference case. Table 5 presents the results of the solutions that minimize the total cost (A'), that maximizes the percentage of RES in the total power production (D') and the best solutions for norms 1 , 2 and ∞ . As expected, the size of the optimized integrated power and water supply system is much lower than in the reference case. Although the decrease in fuel cost decreases the total costs of the Baseline Scenario significantly in relation to the reference case (17.563.202 € ), some of the solutions above are still able to decrease the total costs of the power and water supply in S. Vicente. Solution A' results in a 5% decrease in costs in relation to the Baseline Scenario.
Discussion
The optimization carried out for the sizing and the operational strategy of the proposed integrated system for power and water supply resulted in several solutions. For decision makers, the most relevant point of view of the Pareto optimal set is the one that favours the plane 1 -2 , i.e. the plane total annualized production cost vs. share of RES. The overall solution that minimizes the total annualized production costs is solution A and the overall solution that maximizes the share of RES in the total power production is solution D. Table 6 presents the results of these solutions and the best solutions for norms 1 , 2 and ∞ together with the baseline scenario foreseen for 2020. The baseline scenario considers the system installed in S. Vicente and the forecasted electricity and water consumption for 2020. The costs of this scenario also consider the CO2 emissions cost of 6.96 € /tonCO2. Table 6 presents the wind power curtailed as well as the percentage of this wind power curtailed in relation to the total wind power production potential. The adoption of the proposed integrated system can reduce the total annualized production costs by 22% to 27% in 2020, increase the share of RES four times and reduce the CO2 emissions between 67% and 77%. Although the wind power curtailed absolute value increases in the proposed solution, it decreases significantly in relation to the wind power production potential.
It is important to refer that the optimal capacity of the lower reservoir in these solutions is the maximum of the range considered for this variable. Despite this, this range is not increased because this capacity is considered the maximum suitable to construct in this island.
Regarding the solution that maximizes the share of RES production, the same occurs for the wind power installed. A wind power of 28.10 MW is the equivalent of installing 25 more V52
wind turbines than the ones already installed on S. Vicente. Hence, the range of this variable is also not increased.
As mentioned above, the method used to determine the contribution of the fossil fuel based units for the production of power and water in the modelling carried out for this optimization, does not take into account the minimum load of these units. However it is possible to determine the error resulting from this approximation. In each hour of the year, the electricity needed from the fossil fuel based units is determined, if it is less than its minimum load, than there is an error. The error is the amount of wind power and/or PHS production that would need to be subtracted to avoid the operation of the fossil fuel based units in levels below its minimum value. The values reached for this error are always between 1% and 5%.
From the sensitivity analysis it is shown that even with a significant decrease of fuel cost, the proposed system is more economically viable than the current one installed in S. Vicente, with the advantage of being more environmentally friendly since its yields lower CO2 emissions.
Conclusions
An optimization analysis is carried out applying the Direct MultiSearch method for the sizing and operational strategy of the proposed integrated system. The solutions of the Pareto optimal set are presented and analysed. From a purely mathematical perspective, all nondominant solutions are equivalent. Naturally, from a practical point of view, these are different. In this study, two different analyses of the results are carried out. On one hand the nondominant solutions are presented from the perspective that favours each plane composed by two objective functions. From this analysis, the decision maker needs only to decide which objective function is more important. On the other hand, in order to facilitate decision making, an analysis is done also considering the normalization of the objective functions, and a solution is chosen without having to select which objective function is more important.
With these results, the decision maker has now information regarding the optimal configuration and optimal operational strategy of the proposed integrated power and water supply system for the Island of S. Vicente
If the decision maker considers that the most important objective function is the minimization of the total annualized production costs of the integrated power and water supply system, the configuration to installed and the operational strategy to follow is able to achieve a RES production of 84% (58% wind power and 26% PHS), with 99.6% of wind powered desalinated water, with about 27% decrease of costs in relation to those predicted for 2020. This configuration avoids about 67% of CO2 emissions forecasted for 2020.
The optimal operational strategy of this integrated system depends greatly on the sizing of the system installed. Considering the results of the optimization analysis regarding the minimization of the costs, the optimal operational strategy consists in only producing water from the fossil fuel based units when the lower reservoir has less water that it minimum allowed, producing electricity from the hydro plant as long as there is water in the upper reservoir and space for water in the lower reservoir and, finally, balancing the wind power that goes to the desalination units and to the pumps from about 77% of capacity of the lower reservoir.
As expected, the decrease of fuel costs results in a smaller optimal integrated system.
However, even with a significant decrease of fuel cost, the proposed system is more economically viable than the current one installed in S. Vicente, with the advantages of being more environmentally friendly since it produces lower CO2 emissions, using mostly endogenous resources and less subjected to fossil fuel cost oscillations that are difficult to predict.
